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THE EXPERIMENTAL INVE.STir-.-TlON OP A SWEPT-WING 
HESEnhCH aCDEL BOUNDARY L.-YER 

SUMi'iARY 

A detailed study of the boundary layer of a B em if? pan, 

reflection-plane, qu^rter-pcale model of the Douglas P3D-3 

swept T''lng (ONR  Rri-4) was made as p.   continuating phase of a 

program which Is to culminate In toe application of a boundary 

layer, circulation control method.  Boundary-layer surveys 

were made at four cnordwlse and five sparswlse points for three 

attack angles.  A few boundary-layer profiles -'ere measured 

with tne inboai'd flap deflected to ^5 decrees.  The boundary 

layer transition was studied by use of the evaporative method, 

the stethoscope teohnieue and total-head measurements. 

Two boundary-layer variables, velocity magnitude and 

direction, rere measured as a function of the normal dis- 

tance to the winp surface.  This produced basic information 

on the character of the wing boundary layer, its flow dir- 

ection variations, and its thickness growth alonp chords 

parallel to tne plane of symmetry nnd along soanvise con- 

stant local-chord percentage lines.  This information was 

translated into displacement and -; amentum thicknesses 

parallel and perpendicular to the wlnp quarter-chord line, 

and then to the shape par; meters for the vinr boundary 

layer.  The results snowed the boundary-layer parameters, the 

thickness, and the transition to be functions of the local- 

cnord percentage. 
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INTRODUCTION 

Tne experimental investigation described herein was 

conducted as a coi "inuatlon of the research program on the 

Douglas P3D-3 (ONR RM-^) sweot wlng:  This program, under 

the sponsorship of the Office of Naval Research, Is directed 

toward procuring fundamental information on the acnlicatlon 

of a boundary-layer, circulation, control system to a swept 

wings  A preceding report (Ref. l) showed the experimentally 

determined lift and pressure distributions, aerodynamic pro- 

perties, and tuft studies of the wing.  In a sense this re- 

port is a supplement, since it extends the knowledge in a 

more detailed fashion to the boundary layer profile, thick- 

ness, transition, and flow direction variations. 

Several authors (Refs. 2,3,^, ^nd 7) have produced 

theories and experimental results which demonstrate the 

behavior of the boundary-layer on an infinite swept wing. 

However, as noted by Mager (Ref.f), the work on finite span 

swept—wing boundary-layer theories (Refs. 5 &&&  6) has been 

inadequately substantiated by the sparse experimental data 

(Ref. 8).  While the present data could be us«d to check 

such theories, that was considered beyond the scooe of this 

report. 

Because the final experiments in this series "'ill be 

conducted with a hinged leading edge and blowing air over an 

outboard aileron, the experimental objective was to define 

the characteristics of the ONR RM-'J- ewept-wing boundary layer 

without such a system.  It is therefore an attempt to 

^^tmes****"" *•'-.".«*- w; .>s- '• "    '' •*-••' ,;" 
"***'   •*"» .'-*•» w - 
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understand the wing and Its surface flow conditions before 

embarking on a test program complicated by auxiliary In- 

novations such as the aileron, hinged nose and blowing over 

the aileron. 
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NOMENCLATURE 

geometric test angle of attack, degrees 

6- = flap deflection angle, degrees 

V    = flow angle vrlth respect to the symmetry olane, degrees 

c 

c 

q 

local wing chord measured parallel to  the plane of 
symmetry, feet, 

wing mean aerodynamic chord, feet, 

local dynamic pressure. 1/2 pU , pounds oer square foot. 

p  = air mas? density (assumed cony cant), slugs per cubic 
foot <, 

P  — xOCdi Si/fiiiC pressure, pounus per square i oot. 

qc = free-stream dynamic pressure = 1/2 pU0
?, pounds per 

sauare foot, 

U •*  free—str?a.m velocity, feet per second. 

x* = curvilinear ordinate measured in a plene perpendicular 

v« = 

,i _ 

to the quarter-chord line, feet. 

curvilinear ordinatfi on the wing surface parallel to 
the quarter-chord line, feet. 

= curvilinear ordinate normal to and measured from the 
wing surface, feet. 

x  = ordinate parallel to the plane of symmetry measured 
from the leading edge in the chord olane, feet6 

y = ordinate perpendicular to and measured from the olane of 
symmetry in the cj;;ord olane, feet. 

•7  * ordinate "normal to and measured from the chord plane, feet, 

,.,-^^AM£ !*&**••; -»•••.. V;.il •.--•£ <.j.**J-  f>,-.UV-,S»,<r:*f*»«l» ?V •-  ,«'>W»5 ' ' " T? * • ••' 
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umax " N/U^+V^ = local auxlmuu; velocity in the boundary 

layer, feet per seconc. 

, u = component of the boundary-layer velocity In the x'- 
dlrection, feet per second. 

v = component "of the boundary-layer velocity in the y1- 
direction, feet per second.    ' 

U,V = local potential flow velocity components al the edge 
of the boundary layer, feet per record. 

6  = nominal thickness of the boundary layer 

C6    u      r6    v 6x,6y = displacement thickness -   \  (1- JJ-) dz, \  (1- y) dz 

©Y,0„ = momentum tnlckness = \  £ (1- Ji)dz, \  S (1- -) dz 

1 
: 

i 

1 
. 
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'A: 

H ,H  = shape parameter =  xf  y 
"X   V 

R    = Reynolds number =  oc 

Rc = Local Reynolas number based on the boundary layer 
tnickness = k£. 

u 
u    = kinematic viscosity = *± 

0 

CORRECTIONS 

No corrections were applied to the data exceot for 

the error incurred in the initial orob<=> setting on the 

surface of the model.  It was discovered soon after the tests 

began that although extreme carp '**as exercised, the first 

impulse on the actuating mechanism did not always move the 
• I 

f nose of the probe off the surface.  ExD^rinientally it was 

verified that the first few points so in error could be 

corrected by fairing the profiles toward the zero setting 

and then subtracting the .normal distance error indicated by 

t»!jj^»»*si»«^>'-^ -• w*ww«*JTiawwBtti^^>»j!'</y--v<a,-.tf;.-Tri? -w - v'v.v~ , -,-:.•*.: TT-',, >sr--.'-^»a> -*...•*„j*«f,. 
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the difference between the \r\\ ti,--l ;>oint and the faired 

curve from the profile normal distance ration.  These cor- 

rection? in most cases "ere about 2 percent of the total 

bcundary-layer tnlckness. 

lUJ U Kll^ r error v.'hloh could not be detected f7»om the 

profile plots "was* caused -by the Inverse nroblera of not having 

the mouse on the King surface at the beginning of the move- 

ment. • Therefore, if the data was initially accurate to + 2 

percent of the thickness, then after the above correction the 

error*in tne curves due to the Initial setting of the mouse is 

0 to +2 percent of tne boundary-layer thickness with respect 

to the normal distance ratio z'/c.  This also makes the laminar 

shear stress values obtained from the curves incorrect. 

An additional itero concernir;^ the flow angle curve" 

close to the surface is worthy of mention.  In placing the 

uhree tubes on the curved surface the inboard and outboard 

tubes registered slightly different, pressure readings because 

tney were not located at exactly the same dlstance from the 

surface and vere distorted by surface contact.  This problem 

vfas • particularly aggravated by the pteep velocity gradient of 

the laminar layer.  The angular variation curves show the first 

few points in error by culte large nere»tive angles.  An extrap- 

olation of the unaffected angle trend w.s used in this area 

since no correction could be made.  The velocity orofile was 

not affected because the total-head tube reac'i total pressure 

for <j/ * ±  10°. 

»rs.-"..*. . :•  <'--; v '• •v •     •• •    :  ; 
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APPARATUS 

The one-fourth scale model of the Douglas F3D-3 wine 

was tasted In the University of Wichita 7- b,y 10- foot wind 

t.unnel.  A description of the wind tunnsl is presented in 

reference 9.  The model (Fig. 1) was constructed of laminated 

mahogany and finished with sanding sealer and varnish to 

produce an aerodynaraically smootr. surface.  As in the pre- 

vious tests (B>f. l) the plastic button pressure ta-cs --'ere 

used to measure the local static oressure.  It was found 

that the static pressures checked very closely with the 

original pressure distribution tests, so the routine adop- 

ted was merely a check procedure when the orobe was far 

enough from the surface for negligible interference. 

Figure 2 shows some details and dimensions of the 

probe.  The sensitivity of such a probe and the yaw range 

for accurate measurements of total pressure are presented 

in reference 10.  Figures 3 through 6 present the mouse, 

its mechanisms for rotation and normal motion, and the 

gantry used for the wing mounting.  A pneumatically operated 

cylinder actuated the cog-wheel drive nut of the probe leg„ 

A difficulty with  the system was that it moved unldlrec- 

tionally.  Thus, if it became necessary to lower the mouse 

to check a reading, the operation was halted and the mouse 

reset manually. 

Originally, the mouse unit WHS designed to rest on 

small feet extending from a pivot point directly above the 

^j±Ji&u#Pi^%i>*&**^**M•-^&•^*-<•'*»•*«'***  Wy —IT»-M< ~> •••^•sy**sav-'.-. v-=-'-- --'----• «-*•< 
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ends of the tube opening;:;,  This was discarded fur the more 

rigid gantry structure which probably resulted also In less 

Interference.  However, the somewhat bulky mechanism shield 

and the snort leg to tne tubes '-'ere retained to expedite 

the investigation. 

An inclined manometer at 30 decree? to the horizontal 

was used to read the total oressure of the mouse center tube, 

to indicate the two outer tube >,rersures which "'ere Vert ecual 

by probe rotation, and to snow tne tunnel dynamic cressuro.  A 

rod extended through the endplate to a oosltion such that an 

operator could equalize the manometer readings of the an^ie- 

sensing tubes and thus obtain the total pressure and t^e 

flow angle.  A calibration curve provided the correlation 

between the control rod verrier dial and the flow angle. 

Reference 1 provides a detailed description of the 

wing moael. Some of the physical dimensions are shown In 

figure 1 such as follows: 

Wing seraiepan 

Root chord 

Tip cnord 
ft 

Mean aerodynamic chord 

Wing area 

Aspect ratio 

Sweep angle of root - tc-tlo 

quarter chord line      = 36° 

Hoot section, NACA 63-011.6** 

Tip section, NACA 63-008 

= 6<>.?5 in. (Root 9.?5 from fuselage  ) 

= 36.70 in. 

= 13.25 in. 

= 26.9*+ in. 

= 11.36 ft2 

= 5.2B 

r 
i 
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Fuselage <£_.section, NACA 63-012 

Flap span  ~ :'*6  percent wing semlspan, 

Model scale = one-quarter full scale, 

TESTS 

Wing Ste, 

The boundary-layer investigation te~t schedule was: 

r   T : ;• — ' i 
at ; Local chord position".  \  Local chord positions 

|  without flap, § x 102 j with '+5° flop, § * 102 

17.75 

29.06 

kO. ^1 

51.75 

63.10 

0° 
l>° 
8° 
0° 
li° 
s° 
0° 
k° 
30 

0° 
b° 

•    8° 
|    0° 

1. s» ^+" 

i    8° I     

30 f 
[.o, 70 

30,30,70 
30,50,70 
30,50,70 
30 , SO , 70 
30 , 50 , 70 
30,50,70,?0 
^0,^0, '0,90 
30,50,70,90 
30.50,70,90 
30 , SO , 70 , 90 
30,SO,70,90 
30,50,70,90 
30,50,70,90 
0,50,,'0,Q0 

50 
SO 
50 
50 
50 
50 
SO, 70 
50,70 
SO, 70 
50 
50 

As for the previous tests, the t^mnel dynamic 

pz'essure was maintained at 26.5 pounds per square foot which 

corresponded to 103 mph or 39.1 knots.  Because of additional 

screens in the tunnel settling chamber, the turbulence factor 

reduced to 1.22.  Thereby the effective Reynolds number of 

the wing based on the mean aerodynamic chord became ?..^9 x 106, 

.o~ 

? 

'£&r :A . , 
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DISCUSSION OP THE RESJLTS 

Initial experiments u'lth the ONR RM-'+ swept wing were 

made to determine the line of transition by three methods 

which were used with varying decrees of success.  The first 

utilized the evaooratlve rate differential between laminar 

and turbulent layers to indicate the transition line from the 

evaporation of a volatile surface coating (Ref, ll).  A tur- 

bulent layer has a higher rate of nixing and a greater velocity 

gradient at the surface than a laminar layer and therefore 

accelerates surface evaporation.  Ethylene glycol (Prestone) 
| 

w?iS used as the indicating medium to oroduce the results 
t 

I shown in figure 7.  Talcum powder "'as blown over the wet 

j laminar area after the run to produce the ohotographic quality 

j contrast.  Nvl-ce the Indication of turbulent wakes behind the 
] 

!    * clay area and wo^n screw 'ooles.  There seemed to be a reaction 
i 

hetweftn   the   liauid  and   the  finish  or  else   siihsftouerit  experiment 
' 

i- 

surface preparations were not as carefully made because poorer 

results were produced in the lat^r attempts and the method was 

abandoned. 

A second method involving the accoustical nature of the 

two boundary-layer types was then used.  This method involved 

a stethoscope attached to the end of a total-head probe which 

was moved over the model surface in the boundary layer.  The 

line of demarcation between the turbulent and laminar layers 

-s as the probe moved forward along the surface was indicated 

% by a reduction in the noise level.  Figure a>  shows the results 

of this investigation.  The transition was found to he a 

function of the local-chord fraction as indicated also by the 

»' 

i 
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evaporative tests.  At tne most inboard station the obsp^ver 

had the least faith In the results because of the lack of 

sharpness in the point at, which the noise level changed.  The 

probe was particularly difficult to ure at station 17.7.5 near 

isjio    ijvjoe;,     nui^n   lucijr     ao^vjuu u    x ui      unc    uli I TJ •TMUC     HJ    tT O:IU    OI 

these readings.  Most of the point scatter '-'as a function of 

the curve slope and could therefore be attributed partially 

to the accuracy in the imde] angle of attack settings. 

Figure 9 shovJs the results from the third method of 

transition detection.  The survey probe '•--:.? alaced off the 

surface at a distance ^here  the velocity oroflles indicated 

the maximum velocity difference occurred during the transition 

from laminar to turbulent boundary-layer flow.  Velocity 

measurements produced a curve of a gradually Increasing vel- 

ocity through tha transition zo.ne followed by  a decreasing 

velocity in tne turb'lent layer.  Thus, when the wing attack 

angle was increased, the velocity was a maximum at the completion 

of the flow transition from laminar to turbulent (Refs. 12 and 

13).  This was an Inverse approach to novlr.g the probe through 

the transition zone at a constant angle of attack.  A com- 

parison with the stethoscope results showed good correlation. 

It was determined that the transition Reynolds number 

was not constant along the span, but (for at - 0° and 6f - 0°) 

varied In the following manner: 

•..^y.i^.-. . -. <*.*• ~*m-e K^-^rs-.*.-*-.*-'•'-« • •' • -•   - - . ^v {* y^"'!*"-? \- *-v^r»w^ • >,*<->/.•**•*- 



; • 
i : 

' 

I      i 
<        w: 

' 

ZJ> 

13 

Station R§ ,  Transition Reynolds No. 

17.75 
29.08 

| 51.75 
! 63-10 i _JL_   

7.43 x 103 
6.08 x 103 
5.1? x lO-^ 
'4.21 x 103 
3.09 x 103 

xnlo u60r65S6 WRS d ue primarily to the thinner laminar 

layer at transition toward the tip end secondarily to the 

lower velocities over the less thick tip sections.  Approx- 

imately these same conditions existed for the attack angles 

of 4 and 8 degrees*  As determined from sphere tests the 

tunnel turbulence factor was 1.22 which corresponds to 0.26 

percent turbulences 

A three-dimensional representation of the wing boundary- 

layer growth for the three attack angles is rive?] by the sketches 

of figure 10.  The growth was affected primarily by the 

spanv.'lse pressure gradient, trie tip vortex strength and, of 

course, angle of attack.  At o.^ = 3° the spanwlse gradient 

caused a very pronounced growth outboard along chord percentage 

llneo; this ultimately wac the cause of tip flovr separation. 

The Influence of the tip^vortex on the boundary layer was 

most prominent at lower lift values, while the increased 

thickness with angle of attack Is seen from successive 

sketches. 

The graphs of figures 11 and 12 present the chordwise 

and spanwise values of the boundary-layer thickness to an 

enlarged scale,  It was found that the transition oolnts 

described above were entirely compatible with these curves. 

MDHMi* •»• *, • ••*-- 
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Also, the influence of the trunnion hole clay filler on the 

transition was In agreement.  This turbulent wake was noticed 

throughout the data and appeared very much wider than shown 

by figure ?. 

In considering the spanwlse growth along constant- 

percentage chord lines It was found that only when plotted as 

5/c did the growth appear, but thai the actual thickness 

was virtually constant as shown in the second plot of figure 

12. For the forward 70 percent of the wing this was true 

except where the laminar layer was trlpoed by the clay area, 

Figure 13 Is a complete summary of the flow angle 

variations within the wing boundary layer.  These curves 

do not include the runs with the flap deflected.  Negative 

flow angles (toward the root) were consistently measured at 

the edge of the layer which was equivalent to the potential 

flow direction.  Then toward the surface the flew was turned 

by the adverse pressure gradient in the spanwise direction 

by as much as 15 to 20 degrees at 8 degrees angle of attack. 

The aerodynamic force data of reference 1 showed that 

the boundary-layer information was all obtained on the 

linear portion of the lift curve.  A major Increase in flow 

angle (before separation) occurred between 8 and 9 degrees 

angle of attack according to the tuft study pictures.  This 

slightly preceded the lift curve break which resulted from 

reversed flow at the wing tip. 

w. 

M: 
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As previously noted, the boundary-layer thickness 

distribution showed a large Interaction at the vring tip 

between the layer and the trailing vortex.  Figure 13 also 

demonstrates such an Interaction, the result tending to 

decrease the spanwise flow, especially on the surface.  The 

maximum positive flow angle throughout the layer was measured 

at station 40.41 in each Instance. 

Figure 14 depicts the experimental boundary-layer 

profiles and flow angles on the upper surface of the sweot 

wing.  The previously discussed transition character of the 

wing flow Is readily seen in these curvess  Note that tha 

flow angle axes have been shifted in many instances to main- 

tain all the curves to the same scale. 

Several traits of the boundary layer are evident from 

a comparison of the various curves.' In every case the flow 
variation 

angle/Immediately outside the viscous layer in the potential 

flow field was found to be zero.  This was in contradiction 

to the two-dimensional swept-wing measurements of reference 

7. From reference 1 the uncorrected lift coefficients of 

the wing at these tested angles of attack v-ere: 

at\6f 0° 45 ° 

0° 
l*o 
8° 

0.025 
0.300 
0.5?0 

0.755 
1.005 
1.243 

Thus a comparison with reference 7 should be valid since the 

airfoil sections were comparable. 

When the flap was deflected to 45 decrees the major 

change in th-i boundary-layer profiles was for at =0°, 

.. tfintaurjptMti**.:'  
..-_.«., 1>T m-uufnu:. r*. '• • 
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because the transition moved very fi~r  forward*  However, toward 

the tip the pressure gradient was steep and the profiles re- 

flected the presence of thin 3trc~g adverse pressure gradiente 

From these observations the major influence of the flap was 

on the tip boundary layer.  This was substantiated by the 

tuft study of reference 1. 

The fact that the boundary layer on this wing behaved 

as a function of the local-chord percentage wac predicted 

by the pressure distributions.  Isobars un the upper wing 

surface were determined p.s very closely paralleling the local- 

chord percentage lines except at the tip which was strongly 

influenced by the vertex flow*  A projection of the flow 

vectors on the isobar field showed cler-rly the velocity 

deterioration ir a direction normal to the Isobars. 

Since the nature of the boundary layer shoved constancy 

along the span,the displacement and momentum thickness com- 

ponents v.ere  calculated in directions normal and parallel to 

the quarter-chord line.  These value are presented in tables 

B and C.  To complete the analysis corresponding components 

of the shape parameter, Hf were calculated.  These H values 

are shown in figures 15 and 16 as functions of the chord and 

span.  Reference 1? gives the origin and thoughts behind the 

shape parameter.  The consistency of the results reiterated 

that the boundary-layer characteristics were  constant along 

the local chord percentage lines of the pl'jln '-'inga 

&&*^^r*^*mmmmmmm'mmm -r"*••-•:• •"• 
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